The pathogenesis of multiple myeloma (MM ) has not yet been fully elucidated. Our microarray analysis and immunohistochemistry revealed significant up-regulation of growth arrestspecific gene 6 (Gas6), a vitamin K-dependent protein with a structural homology with protein S, in bone marrow (BM) cells of MM patients. ELISA showed that the serum levels of soluble Gas6 were significantly increased in the MM patients when compared with healthy controls. 
The pathogenesis of multiple myeloma (MM ) has not yet been fully elucidated. Our microarray analysis and immunohistochemistry revealed significant up-regulation of growth arrestspecific gene 6 (Gas6), a vitamin K-dependent protein with a structural homology with protein S, in bone marrow (BM) cells of MM patients. ELISA showed that the serum levels of soluble Gas6 were significantly increased in the MM patients when compared with healthy controls. Gas6 was overexpressed in the human CD138-positive MM cell line RPMI-8226. Exogenous Gas6 suppressed apoptosis induced by serum deprivation and enhanced cell proliferation of the MM cells. The conditional medium from the human BM stromal cell line HS-5 induced cell proliferation and anti-apoptosis of the MM cells with extracellular signal-regulated kinase, Akt, and nuclear factor-B phosphorylation, which were reversed by the neutralizing antibody to Gas6 or IL-6. The TAM family receptor Mer, which has been identified as a Gas6 receptor, was overexpressed in BM cells of MM patients. The knockdown of Mer by siRNA inhibited cell proliferation, anti-apoptosis, and upregulation of intercellular cell adhesion molecule-1 (ICAM-1) in MM cells stimulated by an HS-5 cell-conditioned medium. Furthermore, the Gas6-neutralizing antibody reduced the up-regulation of IL-6 and ICAM-1 induced by a HS-5 cell-conditioned medium in MM cells. The present study provides new evidence that autocrine and paracrine stimulation of Gas6 in concert with IL-6 contributes to the pathogenesis of MM, suggesting that Gas6-Mer-related signaling pathways may be a promising novel target for treating MM.
Multiple myeloma (MM)
3 is a hematologic neoplasm characterized by proliferation of malignant plasma cells in part due to autocrine and paracrine loops involving the surrounding microenvironment; however, the mechanism of its disease progression remains largely unknown (1) (2) (3) . The vitamin K-dependent protein growth arrest-specific gene 6 (Gas6), which is structurally homologous to anticoagulant protein S, is a cofactor for protein C that works in concert as a natural anticoagulant system (4 -6) . Gas6 is the ligand that binds to Tyro3, Axl, and Mer (TAM) receptors, which belong to a family of receptor tyrosine kinases (6, 7) . Moreover, Gas6 is expressed not only in normal blood and bone marrow (BM) cells but also in several cancer cells (8 -14) . Tumorigenic processes are involved in Gas6/TAM signaling, which may be a prognostic and predictive biomarker, as well as in identifying potential therapeutic targets (10, 11) . The Gas6/Axl axis in the BM environment regulates cell invasion, proliferation, and survival of prostate cancer cells, resulting in metastasis dormancy in the BM niche (14, 15) . Some investigators have reported that Gas6-related signaling pathways may be critical for the progression mechanisms in hematological malignancies (16 -18) . Gas6 receptor Mer is aberrantly overexpressed in a majority of primary acute myeloid leukemia (AML) patient blasts and contributes to leukemogenesis in AML (16) . Paracrine cross-talk between AML cells and bone marrow stroma promotes Gas6 secretion, which fosters AML cell growth and chemoresistance (17, 18) . Furthermore, paracrine action of Gas6 secreted by osteoblasts activates the mitogen-activated protein kinase signaling pathway in Mer-overexpressed (1, 19) (q23;p13) translocation (E2A/ PBX1)-positive acute lymphoblastic leukemia cells, resulting in cell proliferation and anti-apoptosis (18) . Gas6/Mer autocrine signaling axis promotes the proliferation and survival of MM cells, suggesting that this signaling pathway represents a novel candidate for therapeutic intervention in this incurable malignancy (3) .
In the present study, we hypothesized that Gas6 may contribute to anti-apoptosis and cell proliferation of MM cells, which simultaneously enhance the generation of Gas6 in concert with interleukin-6 (IL-6) from both MM cells and BM stromal cells (BMSCs) through paracrine and autocrine mechanisms.
Results

Gas6 Overexpression in BM and Serum in Patients with
MM-Blood or BM was obtained from 12 patients, each with acute lymphoid leukemia, myelodysplastic syndrome, AML, chronic myeloid leukemia, and MM, and the gene expression profiles of these samples were obtained. To identify the genes that were specifically expressed at high levels in MM, a multiple-group comparison was performed. Significant differences (p Ͻ 0.01) were observed between MM and other hematological malignancies, wherein genes that were expressed at a higher ratio in MM (a mean of 2.5 or greater) were identified (Fig. 1A) . The heat map was created by calculating the mean ratio of expression in all tissue samples except for those of MM and then subtracting that ratio from each of the other ratios. In other words, the heat map indicates the ratio of expression relative to other hematological malignancies. The cell surface marker CD138 (syndecan-1 (SDC1)) was specifically expressed in MM, and SDC1 was among the 24 genes that were identified. A t test of MM and other hematological malignancies was performed, and the gene with the lowest p value was Gas6. The TAM receptor Mer was overexpressed in 23 of 26 MM cases, and there was a positive correlation between high expression of Gas6 and that of Mer (Fig. 1B) . Immunohistochemical analysis indicated that Gas6 protein was expressed in a distribution consistent with that in the CD138-positive cells, which were obtained from the BM specimens of the MM patients (Fig. 1C,  a-d) . Furthermore, as shown in Fig. 1D , the serum levels of Gas6 protein were markedly increased in 42 symptomatic MM FIGURE 1. Gas6 was highly expressed in BM and serum of MM patients. A, relative expression ratios are indicated by the color bar below the heat map. Red indicates a higher level of expression, whereas blue indicates a lower level of expression. White indicates unavailable data. The genes are in ascending order based on the p value from the t test of MM versus other hematological malignancies. ALL, acute lymphoid leukemia; MDS, myelodysplastic syndrome; CML, chronic myeloid leukemia. B, the TAM receptor Mer and Gas6 expressed in the BM of MM patients. Relative expression ratios are indicated by the color bar below the heat map. Red indicates a higher level of expression, whereas blue indicates a lower level of expression. C, Gas6 expression in BM of MM patients by immunohistochemistry. BM specimens enriched with plasma cells from MM patients were reacted with mouse monoclonal antibody against CD138 or Gas6. Representative photomicrographs are shown (a and c, CD138; b and d, Gas6). D, serum levels of Gas6 in MM patients. Serum levels of Gas6 protein were quantified in healthy volunteers (n ϭ 14) and MM patients (n ϭ 42) by ELISA. Data are expressed as means Ϯ S.D. *, p Ͻ 0.05.
patients compared with 14 healthy volunteers, as determined by a human Gas6 ELISA kit (33.4 Ϯ 14.6 pg/ml in the healthy volunteers and 144.4 Ϯ 92.1 pg/ml in the symptomatic MM patients).
Gas6 Evades the Apoptosis and Induces Cell Proliferation in MM Cell
Line RPMI-8226 -Gas6 was expressed in CD138-positive MM cell line RPMI-8226 ( Fig. 2A) , and the secretion of soluble Gas6 was significantly elevated in the MM cells after 24 -48 h of incubation in the RPMI-8226 cells in the culture supernatants (Fig. 2B ). Exogenous Gas6 significantly decreased the number of RPMI-8226 cells in the early and late stages of apoptosis (Annexin V-positive and 7-aminoactinomycin D (7-AAD)-negative) induced by serum deprivation when compared with the control cells (Fig. 2, C-F) , and Gas6-neutralizing antibody suppressed anti-apoptosis induced by Gas6 in the RPMI-8226 cells (Fig. 2, G-J) . Moreover, exogenous Gas6 sig- nificantly prompted the cell proliferation of the MM cells, which was suppressed by Gas6 neutralizing antibody, as determined using MTT cell proliferation assay (Fig. 2, K and L) . Mouse IgG and rabbit IgG isotype control antibodies were used as negative controls in the MTT cell proliferation assay. We confirmed that the treatment with these antibodies had no direct effect on Gas6-induced MM cell growth (Fig. 2M) . These results indicate that Gas6 may be a critical modifier for cell apoptosis and proliferation of MM cells.
Roles of Gas6 in Apoptosis Inhibition and Cell Proliferation of MM Cells Induced by BMSC-derived Conditioned Medium
(CM)-BMSCs, which make up the microenvironment for MM cells, contribute to the anti-apoptosis and cell proliferation of MM cells (19, 20) . Signaling stimulation from BMSCs is critical for MM disease progression (21) . The Gas6 expression of RPMI-8226 cells was up-regulated by the CM, which was collected from the BMSC cell line HS-5, at 0, 25, 50, and 75% (v/v) of the total medium (Fig. 3A) . HS-5 cell-CM decreased the number of RPMI-8226 cells in the early and late stages of apoptosis when compared with the control cells (Fig. 3 , B and C), and Gas6-neutralizing antibody inhibited anti-apoptosis induced by HS-5 cell-CM in the RPMI-8226 cells (Fig. 3D) , and IL-6-neutralizing antibody also suppressed anti-apoptosis induced by HS-5 cell-CM in the RPMI-8226 cells (Fig. 3E ). An MTT cell proliferation assay showed that HS-5 cell-CM induced a significant, ϳ4-fold, increase in the cell proliferation of the RPMI-8226 cells, and Gas6-neutralizing antibody markedly decreased the cell proliferation capacity of the MM cells (Fig. 3H, lane 3) . We confirmed that the treatment with mouse or rabbit IgG isotype control antibody had no direct effect on MM cell growth induced by HS-5 cell-CM (Fig. 3G ). IL-6 is identified as a major growth and anti-apoptotic factor of MM cells through autocrine mechanisms (22, 23) . Conversely, BMSCs provide efficient support for MM cell survival by para- The mitogen-activated protein kinase (MAPK), originally called ERK, is an extracellular signal-regulated kinase that comprises several key signaling components and phosphorylation events, which play a critical role in cancer cell proliferation and tumorigenesis (25) . Nuclear factor-B (NF-B) is also a known mediator that promotes cell survival in response to many survival stimuli and is indirectly activated by Akt through direct phosphorylation and activation of IB kinase (23, 26, 27) . HS-5 cell-CM induced ERK, Akt, and NF-B phosphorylation in RPMI-8226 cells within 45 min after incubation, and the neutralizing antibodies to Gas6 or IL-6 suppressed these signaling pathways (Fig. 3I ). Our MTT assay results additionally indicated that IL-6-neutralizing antibody has a similar effect to Gas6-neutralizing antibody in blocking the cell proliferation of MM cells (Fig. 3J ). These results suggest that Gas6, as well as IL-6, may play a major role in the pathogenesis of apoptosis inhibition and cell proliferation of MM cells through paracrine mechanisms.
Autocrine and Paracrine Actions of Gas6 Mediated via IL-6 on Molecular Interactions between MM Cells and BMSCs in the
Pathogenesis of MM-Soluble forms of Gas6 protein were synthesized by the BMSC cell line HS-5 as well as through MM cell line RPMI-8226 (Fig. 4A) . Furthermore, Gas6 protein was significantly increased in the RPMI-8226 cells treated with HS-5 cell-CM (Fig. 4B) , and HS-5 cell-CM markedly induced a 3-fold increase in the production of soluble Gas6 in culture medium from the RPMI-8226 cells (Fig. 4C) . Twenty-four hours of incubation with exogenous IL-6 (50 ng/ml) induced Gas6 up-regulation in the RPMI-8226 cells (Fig. 4D) . Exogenous Gas6 (100 ng/ml) significantly increased IL-6 expression in the RPMI- 8226 cells (Fig. 4E) . We also showed that HS-5 cell-CM induced Gas6 up-regulation in the RPMI-8226 cells (Fig. 4F, lane 2) . Interestingly, the Gas6 up-regulation induced by HS-5 cell-CM was suppressed by IL-6-neutralizing antibody (Fig. 4F, lane 3) , and quantitative RT-PCR (qRT-PCR) showed that IL-6-neutralizing antibody suppressed increased mRNA levels of Gas6 induced by HS-5 cell-CM in the RPMI-8226 cells (Fig. 4G) . Fig.  4H showed that HS-5 cell-CM induced an increase in IL-6 expression, which was suppressed by the Gas6-neutralizing antibody. In addition¸ELISA showed that the serum levels of IL-6 protein were significantly increased in the high-Gas6 group (Ն100 pg/ml) compared with the low-Gas6 group (Ͻ100 pg/ml) of symptomatic MM patients (Fig. 4I) (28) . In the present study, exogenous Gas6 significantly induced ICAM-1 up-regulation in the RPMI-8226 cells in a time-dependent manner (Fig. 5A) . Treatment with HS-5 cell-CM induced the up-regulation of ICAM-1, which was reversed by neutralizing antibodies to Gas6 or IL-6 in the RPMI-8226 cells (Fig. 5, B and C) . Our data indicate that Gas6 stimulation may increase ICAM-1 synthesis and subsequently accelerate the proliferation of the MM cells. In co-culture of RPMI-8226 cells and HS-5 cells, the adherence of the RPMI-8226 cells to the HS-5 cells was promoted and subsequently induced the cell proliferation of the RPMI-8226 cells (Fig. 5, D and E) . The neutralizing antibodies to Gas6 or IL-6 markedly reduced the adherence of the RPMI-8226 cells to the HS-5 cells and subsequent cell proliferation of the RPMI-8226 cells (Fig. 5, D and E) .
Critical Role of Gas6/Mer Axis in the Pathogenesis of MMTo identify which of the receptor tyrosine kinases Mer, Axl, and Tyro3 (TAM receptors) contribute to Gas6-mediated signaling, immunoprecipitation studies were performed with RPMI-8226 cells. As shown in Fig. 6A (a) , Gas6 was markedly expressed in (Fig. 6A, c and d) . The data indicate that HS-5 cell-CM stimulates the binding of Gas6 to Mer receptor in RPMI-8226 cells. To further investigate the association between Gas6 and Mer, we transfected RPMI-8226 cells with Mer siRNA and then added exogenous Gas6 or HS-5 cell-CM to RPMI-8226 cells and found that siRNA-mediated knockdown of Mer significantly reduced Mer protein (Fig. 6B) . The MTT assay showed that 48 h of treatment with Gas6 or HS-5 cell-CM induced cell proliferation, which was blocked by the silencing of Mer with siRNA (Fig. 6, C and D) . Also, the anti-apoptosis induced by exogenous Gas6 or HS-5 cell-CM was suppressed by Mer siRNA in the early and late stages of apoptosis (Fig. 6E) . In addition, we showed that ICAM-1 up-regulation, which was induced by Gas6 or HS-5 cell-CM, was inhibited by Mer siRNA (Fig. 6F) . These results indicate that Gas6/Mer signaling axis is a key modifier in the pathogenesis of MM through autocrine and paracrine mechanisms.
Effects of Mer siRNA on ERK, Akt, and NF-B phosphorylation in MM cells stimulated by Gas6 or HS-5 cell-CM-We
further examined whether the TAM family receptor Mer is critical for Gas6-activated downstream signaling pathways in MM cells. siRNA-mediated suppression of Mer inhibited the increase in ERK, Akt, and NF-B phosphorylation in RPMI-8226 cells stimulated by Gas6 or HS-5 cell-CM within 45 min after incubation (Fig. 7, A and B) . The data indicate the significance of Mer in the molecular pathogenesis of MM.
Discussion
In the present study, we demonstrated that the molecular cross-talk/interaction between MM cells and BMSCs stimulated Gas6 production, which stimulated the development, siRNA-mediated knockdown of Mer reduced the protein levels of Mer as compared with the scrambled negative control. C and D, MM cells were incubated in serum-free X-VIVO medium for 48 h at 37°C in the presence of Gas6 (100 ng/ml) or 50% (v/v) HS-5 cell-CM with or without the silencing of Mer with siRNA, followed by an MTT assay. Data are expressed as means Ϯ S.D. (error bars) (n ϭ 8, each group). *, p Ͻ 0.05. E, MM cells were incubated in serum-free X-VIVO medium in the presence of Gas6 (100 ng/ml) or 50% (v/v) HS-5 cell-CM for 24 h with or without the silencing of Mer with siRNA, and cell apoptosis was analyzed by FCM after staining with Annexin V and 7-AAD. Representative data are from three independent experiments. Data shown are representative of three independent experiments. F, RPMI-8226 cells were incubated in serum-free X-VIVO medium in the presence of Gas6 (100 ng/ml) or 50% (v/v) HS-5 cell-CM for 24 h with or without the silencing of Mer with siRNA, followed by Western blotting. Representative immunoblots are from three similar experiments are shown.
maintenance, and progression of MM via autocrine and paracrine mechanisms.
Gene expression signatures have demonstrated that expression profiling can be used to identify patients with a high risk of disease, to guide therapeutic interventions, and to stratify patients into clinically relevant molecular subgroups in many types of cancers, including newly diagnosed MM (29, 30) . To identify genes that are specifically expressed at high levels in MM, we screened molecules that were differentially expressed in the BM cells of MM patients using microarray analysis. Our heat map revealed significant up-regulation of Gas6 in MM compared with other hematological malignancies (Fig. 1A) . Gas6 has been reported to function as a signaling molecule to regulate tumor cell proliferation, anti-apoptosis, and invasion as well as a negative coregulator in blood coagulation (31) . Among hematological malignancy cell lines, Gas6 mRNA expression was only detected in 4 of 22 lymphoid cell lines and in 4 of 17 myeloid lines; however, plasma cell lineages revealed that Gas6 mRNA was expressed in all four investigated cell lines (32) . This result is almost identical to our finding of a significant difference between Gas6 expression levels in BM from patients with MM and those with other types of hematological malignancy in the DNA microarray analysis (Fig. 1A) . The involvement of Gas6 in myeloma cell proliferation has recently been reported, in which Mer was expressed, whereas Axl and Tyro3 were not or were expressed by a low proportion in MM cells (3). In our DNA microarray analysis of myeloma patients, Mer was overexpressed in 23 of 26 myeloma patients, suggesting that Mer potentially plays important roles in the Gas6-related signaling pathways of MM cells (Fig. 1B) . In the present study, we obtained the following findings: 1) in the BM of the myeloma patients, Gas6 protein was expressed in a distribution consistent with that in the CD138-positive cells, which indicate MM cells (Fig. 1C) ; 2) Gas6 plasma levels were significantly higher in the MM patients than in the healthy subjects (Fig. 1D); 3) endogenous Gas6 was expressed in the CD138-positive MM cell lines (Fig. 2A) ; 4) Gas6 was detected in the supernatants of in vitro cultured MM cells (Fig. 2B) ; 5) the addition of exogenous Gas6 on cultured MM cells suppressed apoptosis induced by serum deprivation (Fig. 2, C-F) , and exogenous Gas6 stimulated cell proliferation (Fig. 2K) . Moreover, Gas6-neutralizing antibody suppressed the anti-apoptosis (Fig. 2, G-J) and cell proliferation of the RPMI-8226 cells (Fig. 2L) , suggesting the presence of an autocrine loop of Gas6 in the cell survival of MM cells. Our findings support a recent report demonstrating that autocrine action of Gas6 mediated via its receptor Mer promotes proliferation and survival in MM cells (3) .
The molecular cross-talk/interaction between MM cells and the surrounding BM microenvironment has been shown to contribute to the pathogenesis of MM (19 -21, 33) . BMSCs isolated from MM patients are phenotypically and functionally altered compared with those from healthy donors (34, 35) . The anti-apoptotic and proliferative effects are dependent on paracrine functions of BMSC-derived cytokines, including IL-6 (24). IL-6 secretion by both MM cells and BMSCs mediates autocrine and paracrine growth of MM cells and inhibit tumor cell apoptosis (24, 36) . We showed that 50% (v/v) HS-5 cell-CM significantly up-regulated the Gas6 expression of MM cells (Fig.  3A) . The treatment with 50% (v/v) HS-5 cell-CM partially suppressed apoptosis induced by serum deprivation and stimulated proliferation (Fig. 3, C and G (lane 2) ). These HS-5 cell-CM effects were inhibited by neutralizing antibodies to Gas6 or IL-6 (Fig. 3, D, E, and G (lanes 5 and 6) ), indicating that MM cells receive anti-apoptotic and proliferative signals from autocrine and paracrine stimulation of Gas6, which served functions similar to those of IL-6.
The Ras/MEK/ERK pathway provides a stimulus for mitochondrial dysfunction and apoptosis as well as proliferation in MM cells, and the ERK signaling pathway contributes to the mechanism(s) of relapsing and refractory MM (37) (38) (39) . On the other hand, c-Jun N-terminal kinase and p38 MAPK have been reported to induce G 2 /M progression delay and cell apoptosis in MM cells (40) . The canonical NF-B pathway is negatively regulated by inhibitory IB proteins (IBs, inhibitors of NF-B), which retain p50/p65-containing heterodimers (41) . In the non-canonical NF-B pathway, a mitogen-activated protein kinase kinase kinase 14/NF-B-inducing kinase (NIK) activates IB kinase-␣ (IKK␣), which induces the nuclear factor -B subunit 2/p100 phosphorylation and processing (42) . Inhibition of both the canonical and non-canonical pathways is required to efficiently block total NF-B in the pathology of MM (43) . Because myeloma as well as many other B-cell neoplasms use NF-B to achieve survival, proliferation, and resistance to anticancer drugs, NF-B pathways appear to be an attractive therapeutic approach in MM tumors (23, 26, 27, 44, 45) . The first therapeutic proteasome inhibitor, bortezomib, exhibited inhibitory effects on the activity of two major NF-B complexes, p50/p65 (RelA) and p52/RelB dimers, in the pathogenesis of MM (46). Bruton's tyrosine kinase-driven NF-B p65 activity plays a critical role in bortezomib-resistant MM cells (47) . BMSCs from MM patients uniquely induce bortezomibresistant NF-B activity in RPMI-8226 cells (48) . Phosphatidylinositol 3-kinase/Akt/NF-B signaling is involved in the pathogenesis of MM (27, 37) . Our results showed that HS-5 cell-CM induced the phosphorylation of ERK, Akt, and NF-B, which were inhibited by neutralizing antibodies to Gas6 or IL-6 in the MM cells within 45 min of incubation (Fig. 3H) , indicating that paracrine stimulation of BMSCs promoted survival of the MM cells via phosphorylation of ERK, Akt, and NF-B.
The quantitative determination by ELISA showed that soluble Gas6 protein levels were markedly increased in the CM from human BMSC line HS-5 after a 72-h incubation (Fig. 4A) . Additionally, we found that HS-5 cell-CM significantly induced Gas6 up-regulation in the RPMI-8226 cells (Fig. 4B) , and HS-5 cell-CM markedly increased soluble Gas6 in culture supernatants of the MM cells after a 24-h incubation (Fig. 4C) . Our data suggest that BMSCs may not only secrete Gas6 but also induce elevated Gas6 synthesis in MM cells. Meanwhile, IL-6 (50 ng/ml) and 50% (v/v) HS-5 cell-CM induced Gas6 up-regulation in the RPMI-8226 cells after a 24-h incubation (Fig. 4, D, F  (lane 2), and H (lane 2)) , and the Gas6 up-regulation induced by HS-5 cell-CM was suppressed by IL-6-neutralizing antibody (Fig. 4, F (lane 3) and G (lane 2) ). Crucially, HS-5 cell-CM induced IL-6 up-regulation in the RPMI-8226 cells, which was suppressed by Gas6-neutralizing antibody (Fig. 4H, lane 3) . In addition, Fig. 4I shows the serum levels of IL-6 protein in symptomatic MM patients in the high-Gas6 group (Ն100 pg/ml) and in the low-Gas6 group (Ͻ100 pg/ml). Our data indicate that the effects of Gas6 on the growth and survival of MM cells may be mediated not only via direct stimulation, but also via elevation of IL-6 expression in MM cells. Based on the data presented in the current study, we suggest that Gas6 may be a major modulator in the pathogenesis of the proliferation and apoptosis inhibition of MM cells through autocrine and paracrine interactions between MM cells and BMSCs in analogy with IL-6.
ICAM-1/MUC1 is important in the adhesion between MM cells and BMSCs, and ICAM-1 is involved in cell-adhesive events that trigger multiple cell-signaling pathways, promoting MM cell proliferation, migration, and resistance to apoptosis (28, 49) . ICAM-1 overexpression relates to MM progression and chemotherapeutic resistance, and its levels are associated with international staging system scores. In addition, BI-505, an anti-ICAM-1 human monoclonal antibody, possesses anti-myeloma activity and is already being used clinically (50) . Fig. 5 (B and C) shows that ICAM-1 up-regulation induced by HS-5 cell-CM was reversed by neutralizing antibodies to Gas6 or IL-6 in RPMI-8226 cells, indicating that paracrine Gas6 stimulation enhanced adhesion of the MM cells to the BMSCs by increasing ICAM-1 synthesis and MM progression. Moreover, in the coculture system of the MM cells and BMSCs, the adherence of the MM cells to BMSCs and subsequent cell proliferation of the MM cells were promoted, and neutralizing antibodies to Gas6 or IL-6 suppressed the adherence and cell proliferation (Fig. 5,  D and E) . These results indicate that Gas6 or IL-6 inhibition suppressed the adherence of the MM cells to the BMSCs and subsequent cell proliferation of the MM cells. Moreover, siRNA-mediated suppression of Mer tyrosine kinase receptor inhibited the 1) cell proliferation and 2) apoptosis inhibition of MM cells induced by Gas6 or HS-5 cell-CM (Fig. 6, C-E) , and ICAM-1 up-regulation induced by Gas6 or HS-5 cell-CM was reversed by Mer siRNA in MM cells (Fig. 6F) .
The prosurvival factors, such as ERK, Akt, and NF-B, are involved in the regulation of proliferation as well as drug resistance of MM cells (39, 40, (45) (46) (47) . We showed that Mer siRNA inhibited the increase in ERK, Akt, or NF-B phosphorylation in MM cells stimulated by Gas6 or HS-5 cell-CM (Fig. 7, A and  B) . These results indicate that Gas6/Mer-mediated activation of ERK, Akt, and NF-B plays a critical role in the pathogenesis of MM.
It has been reported that individuals with elevated Gas6 have an increased risk of venous thromboembolism compared with those with lower levels of Gas6, indicating that elevated Gas6 may be a causal factor in developing venous thromboembolism associated with MM (51). In addition, Katagiri et al. (52) reported that Gas6/Tyro3 signaling stimulates osteoclastic bone resorption in mouse osteoclasts. These studies suggest that elevated expression levels of Gas6 may be critical not just for MM progression, but for complications of MM, although further investigation is needed.
The present study offers new insights into the autocrine and paracrine actions of Gas6 in concert with IL-6 in both MM cells and BMSCs on apoptosis inhibition and cell proliferation of MM cells (Fig. 8) . Our findings also suggest that Gas6/Mer downstream signaling pathways in concert with IL-6 may be crucial for the progression of MM, and therefore they are attractive therapeutic targets in the treatment of MM.
Experimental Procedures
Patient Samples-This study was approved by the Fukushima Medical University institutional review board. BM and/or peripheral blood samples were obtained from MM patients with informed consent. Samples from 13 healthy individuals were used as controls.
Cell Culture and Reagents-Human MM cell lines RPMI-8226 (5 ϫ 10 5 cells/ml) were cultured in RPMI-1640 medium (Gibco) supplemented with 10% fetal bovine serum (Gibco) and 5% penicillin-streptomycin (Gibco) or serum-free X-VIVO medium (Lonza, Walkersville, MD) at 37°C with 5% CO 2 . Human BMSC line HS-5 (5 ϫ 10 5 cells/ml) was incubated in RPMI-1640 medium supplemented with 10% fetal bovine serum and 5% penicillin-streptomycin at 37°C with 5% CO 2 , and then conditioned medium from the confluent HS-5 cells were collected after 72 h of culture in serum-free X-VIVO medium. Recombinant human Gas6 and IL-6 were purchased from R&D Systems, Inc. (Minneapolis, MN) . We used the neutralization antibodies to Gas6 (Bioworld Technology) and IL-6 (R&D Systems). Mouse IgG 1 isotype control antibody and rabbit IgG isotype control antibody (SouthernBiotech, Homewood, AL) were used. DNA Microarray-BM or blood that had been mixed with an equal volume of water was mixed with 3 times the volume of ISOGEN-LS reagent (NIPPON GENE, Tokyo, Japan). Total RNA was prepared from the lysate according to the manufacturer's instructions. Poly(A) ϩ RNA was purified using the Poly(A) Purist Kit (Ambion, Austin, TX). To reduce the bias in cell type-specific expression, human common reference RNA was prepared by mixing equal amounts of poly(A) ϩ RNA extracted from 22 cell lines (53) . Synthetic polynucleotides (80-mers) representing 30,913 species of human transcripts (MicroDiagnostic, Tokyo, Japan) were arrayed by using a custom arrayer. With 2 g of RNA serving as a template, the cDNA from the sample RNA was labeled with cyanine 5-dUTP (PerkinElmer Life Sciences), and that from the reference RNA was labeled with cyanine 3-dUTP (PerkinElmer Life Sciences). The labeled cDNA was then synthesized using SuperScript II reverse transcriptase (Life Technologies, Inc.). Hybridization was performed using a labeling and hybridization kit (MicroDiagnostic). Fluorescence was visualized using a GenePix 4000B scanner, and fluorescence intensity was expressed numerically as the ratio of cyanine 5 fluorescence to cyanine 3 fluorescence. Each ratio was adjusted by multiplying the normalization factor, which is calculated by GenePix Pro version 3.0 software (Axon Instruments Inc.). This ratio was converted to a log 2 value and normalized so that the mean would be 0 and the S.D. would be 1. Spots where the fluorescence intensity was less than the limits of detection were assigned a log ratio of 0 and included in calculations. Multiple group comparisons of MM and other hematological malignancies were performed using the Tukey-Kramer method. If fluorescence was not detected in Ն20% of the samples, then that gene was excluded from the comparison analysis.
Immunostaining-BM specimens enriched with plasma cells from MM patients were fixed for 15 min with 4% paraformaldehyde (Merck, Frankfurt, Germany) in phosphate buffer (pH 7.2). After rinsing with PBS, the cells were embedded in paraffin for immunohistochemistry. Sections were prepared, deparaffinized, and autoclaved at 121°C for 10 min in 10 mM Tris-HCl buffer (pH 9.0) as an antigen retrieval procedure. The cells were then blocked and incubated with goat polyclonal antibody against Gas6 (sc-1935, Santa Cruz Biotechnology, Inc., Dallas, TX) or mouse monoclonal antibody against CD138 (clone MI-15, Dako, Glostrup, Denmark) at 4°C for 2 days, followed by detection using appropriate streptavidin-biotinylated horseradish peroxidase system (Vectastain Elite ABC kit, Vector Laboratories, Inc., Burlingame, CA). They were visualized with 3,3Ј-diaminobenzidine (Dojindo Laboratories, Kumamoto, Japan) and hydrogen peroxide and observed with a light microscope (BX51, Olympus, Tokyo, Japan).
Flow Cytometry-To detect cytoplasmic Gas6, the cells were permeabilized with a saponin-based reagent (BD PharMingen) according to the manufacturer's instructions. The cells were treated with anti-Gas6 antibody (Santa Cruz Biotechnology), conjugated to anti-FITC secondary antibody (Santa Cruz Biotechnology), and then stained with anti-CD138-PE antibody (Santa Cruz Biotechnology) using flow cytometry (BD FAC- 
SCanto
TM II flow cytometer, BD Biosciences). To detect apoptosis, the cells were stained with FITC-conjugated Annexin V and 7-AAD according to the manufacturer's instructions (eBioscience) and analyzed by flow cytometry (FCM).
ELISA-The levels of Gas6 and IL-6 protein were assessed in human plasma and culture supernatant using a commercially available Gas6 ELISA kit (Assay Biotechnology) and IL-6 ELISA kit (Diaclone SAS, Besancon Cedex, France), respectively, in accordance with the manufacturer's instructions. Briefly, 96-well plates were coated with anti-Gas6 antibody, and the antigen was detected by a secondary biotinylated detection antibody. When the substrate 3,3Ј,5,5Ј-tetramethylbenzidine was added, the reaction catalyzed by peroxidase yielded a blue color that was representative of the antigen concentration. The reaction was stopped with 2 N sulfuric acid, and the absorbance at 450 nm was read, with a reference wavelength set at 570 nm, using a microplate reader (Molecular Devices).
Cell Proliferation Assay-To examine the effect of recombinant Gas6 on the proliferation of MM cell lines, we performed a MTT cell proliferation assay (Promega Biosciences, Inc.) according to the manufacturer's instructions. The optical density was measured using a spectrophotometer (Molecular Devices), and the -fold increase in the optical density compared with that of the control was calculated.
Western Blotting-Western blotting was performed as described previously (54) . The signals from immunoreactive bands were visualized by an ECL System (GE Healthcare). Rabbit polyclonal antibodies to Gas6 (Santa Cruz Biotechnology) were diluted 1:250 in PBS with 5% BSA. ICAM-1 antibody (Santa Cruz Biotechnology) was diluted 1:250 in PBS with 5% BSA. Anti-␤-actin antibody (1:1000; Santa Cruz Biotechnology) was used as a loading control. ERK and Akt activation was determined by Western blotting using an anti-phospho-ERK antibody (Ser-536, dilution 1:250, Cell Signaling Technology, Inc., Beverly, MA) and an anti-phospho-Akt antibody (dilution 1:250, Cell Signaling Technology). The anti-phospho-Akt antibody detects endogenous levels of Akt1 only when phosphorylated at Ser-473 and also recognizes Akt2 and Akt3. Anti-Akt antibody (1:250; Cell Signaling Technology) and anti-ERK antibody (1:250; Cell Signaling Technology) were used as a loading control. We used an anti-phospho-NF-B p65 antibody (Ser-536, dilution 1Ϻ250; Cell Signaling Technology), and anti-NF-B p65 antibody (dilution 1Ϻ250; Cell Signaling Technology) was used as a loading control.
Immunoprecipitation-Human MM cell line RPMI-8226 was solubilized in a radioimmune precipitation assay buffer (Sigma-Aldrich), and immunoprecipitation was performed as described previously (55) . Briefly, the lysates were reacted with monoclonal antibodies against Mer, Axl, or Tyro3 (Santa Cruz Biotechnology) at a concentration of 1.0 mg/ml. The immunoprecipitated proteins were resolved by SDS-PAGE, followed by Western blotting. We used the primary antibody against Gas6 (dilution 1:250; Santa Cruz Biotechnology), which recognizes the catalytic domain of Gas6 and anti-rabbit IgG, TrueBlot TM (eBioscience, Inc., San Diego, CA).
siRNA-siRNA was transduced in RPMI-8226 cells by electroporation using the Cell Line Nucleofector Kit V (VCA-1003; Lonza) with the Amaxa Nucleofector Device (Lonza). Mer siRNA and control non-silencing siRNA were obtained from Santa Cruz Biotechnology. Briefly, the cells were transfected with 5 g of siRNA to Mer or control non-silencing siRNA along with 100 l of transfection solution. The cells were electroporated by the Amaxa Nucleofector device using the manufacturer's recommended program (S-005). At 24 h after transfection, the culture medium was changed.
qRT-PCR of Gas6 -qRT-PCR was performed as described previously (56) . Total RNA was extracted from MM cell lines using the RNeasy minikit (Qiagen, Hilden, Germany). After treatment with DNase I (Life Technologies), reverse transcription (RT) was performed using a High Capacity cDNA Reverse Transcription Kit (Life Technologies). qRT-PCR was performed with TaqMan Gene Expression Master Mix (Life Technologies) and TaqMan gene expression assays for Gas6 (assay ID: Hs01090305) and HPRT1 (assay ID: Hs99999909) using the Thermal Cycler Dice Real Time System (TP800, Takara, Shiga, Japan). Expression of HPRT1 RNA was used as an internal control.
Co-culture Adhesion Assay-Adherence of MM cell line RPMI-8226 to human BMSC cell line HS-5 monolayer was assessed. We cultured the HS-5 cells on chamber slides for 48 h and added RPMI-8226 cells (2.0 ϫ 10 5 cells/well) to the HS-5 cells' monolayer for 48 h at 37°C. Non-adherent MM cells were then removed by three washes with PBS, and May-Grünwald-Giemsa staining was used for morphological inspection. The remaining cells were photographed under a microscope (BX-53-33NC, Olympus Corp., Tokyo, Japan). The number of adherent cells was quantified by direct visualization of five.
Densitometric Analysis-The optical densities of the individual bands in the Western blots were analyzed using the National Institutes of Health IMAGE program (Bethesda, MD). The area of each analyzed band was kept constant for each analyzed blot. Background density was subtracted from the densitometric data obtained for each band.
Statistical Analysis-Statistical analyses were performed using analysis of variance with Scheffé's post hoc test if appropriate. A value of p Ͻ 0.05 was considered statistically significant. Data are expressed as means Ϯ S.D.
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